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Introduction
Important papers on the butadiene emulsion polymerization have been published as a result of the synthetic rubber program' by Kolthoff et aL2 and by Important for this paper are the observations by Bovey et al. ' and Blackley? who reported a weak dependence of the rate of polymerization on the initiator concentration. This puzzling behavior is confirmed by exhaustive experimental evidence reported by Weerts et alP14 In the latter work extremely low values of the initiator exponent with regard to polymerization rate per particle have been found. Because this work dealt with ab initio experiments, the rate of polymerization per particle was used to compare separate experiments. Weerts et a1.14 explain the weak dependence of the rate of polymerization on the initiator concentration by an extremely low initiator efficiency, rendering this rate independent of the initiator concentration and particle number. However, this explanation would imply a change of initiator efficiency as a function of the initiator concentration exactly compensating for the effect of the initiator concentration: there is no experimental evidence for such a mechanism. Moreover, in light of recent advances in the theoretical description of radical absorption (entry)ls this seems unlikely. The new entry model, along with uncertainties in the particle number invoked by the ab initio experiments reported in the literature, and also the recently available value of the rate coefficient of propagation for butadiene have inspired the present efforts in obtaining new data from well-defined seeded emulsion polymerization experiments in which the persulfate concentration is varied systematically.
Until now no explanation has been given at present for the relatively low rate of polymerization generally observed in the butadiene emulsion polymerization, since these low rates cannot be explained by a low propagation rate constant since the experimentally measured propagation * Author to whom correspondence should be addressed. The present paper primarily focuses on the first problem.
However, it will become evident from this paper that both problems, the independence of the rate on the initiator concentration and the effect of mercaptans, are interlinked by a complex mechanism. Seeded emulsion polymerizations were conducted in order to clarify the effect of the persulfate concentration on the entry of free radical into particles and also to measure the average number of radicals per particle.
Experimental Section
Butadiene (DSM Chemicals, Geleen, The Netherlands) was distilled directly from a 27-L storage vessel into a cooled steel recipient. A two-isomer mixture of tert-dodecyl mercaptan (TDM) was used (Fluka AG, Buchs, Switzerland); sodium peroxodisulfate (Fluka AG, Buch, Switzerland), sodium dodecyl sulfate (p.a. Merck, Darmstadt, Germany), and sodium carbonate (p.a. Merck, Darmstadt, Germany) were all used without further purification. Water was doubly distilled and purgedwithnitrogen to remove oxygen.
Emulsion Polymerizations
Experimental details are elaborately explained elsewhere.l6 A summary of features important for this paper is presented below. The seeded emulsion polymerizations were carried out in a cylindrical stainless steel reactor. The reactor was connected with a remote density meter (Anton Paar DMA 401, Graz, Austria) linked to a registration unit (Anton Paar DMA 60, Graz, Austria) and a computer. The reaction mixture was pumped with a piston-membrane pump (Orlita KG, MK 10, Giessen/ Lahn, Germany) from the reactor through the density cell and back into the reactor. Gravimetrical conversion data are used to calibrate on-line density data. Gravimetric samples were collected using a high-pressure proof syringe. 1993 American Chemical Society However the buffer concentration is never reduced below mobdm-3.
at 100% convn a Initiator and buffer are used in equivalent concentrations. Initiator and buffer are used in equivalent concentrations. However, the buffer concentration is never reduced below mol+dm-3. See Table I for recipe 1. From these samples the conversion was calculated. Conversions assessed in this way were accurate to within 0.5 %. The density data converted into conversion data are transformed into plots of -In( 1x ) versus time. The slope of the linear part of these plots is determined by linear regression. The average particle diameter and particle size distribution were measured by transmission electron microscopy (TEM; Jeol 2000 FX) in combination with Os04 staining techniques. The particle diameters mentioned in this paper are weight-average diameters. Particle size distributions of the seed latexes used are extremely narrow, typical polydispersity d,/d, = 1.01. The particle size distributions of the particles with diameters below 100 nm are more broad but never surpass d,/d, = 1.1.
Recipe 1, listed in Table I , is used for all polymerizations unless stated otherwise and is developed to minimalize the head space in the reactor. Recipe 1 is also designed to start the polymerizations at the beginning of interval I11 at weight fractions of polymer in the particle, wp = 0.6.14 In Table I1 a second recipe is listed. This recipe 2 is developed to start a seeded polymerization later in interval I11 at wp = 0.72.
Recipe 2 was formulated as a result of the observation of two long linear regions in plots of -ln(lx ) versus time in interval I11 of a butadiene emulsion polymerization. 16 It was observed that the shift from the first to the second linear region was determined by the conversion or weight fractions of polymer. In Figures 1 and 2 the weight fractions of polymer at which the polymerizations shift from the first to the second linear region are shown for experiments performed at a wide range of particle sizes and initiator concentrations.
Recipe 2 is developed to start a seeded polymerization further into interval 111 at wp = 0.72. In Table I11 values of k,ii versus particle diameter and initiator concentration obtained by using recipes 1 and 2 are compared. The values compare quite acceptably and well within experimental error. In Figure 3 a -ln(lx ) versus time curve obtained from an experiment utilizing recipe 2 is shown. Experiments in recipes 1 and 2 are performed on different seed latexes. The particle diameters of these experiments are within 10 nm &e., well within experimental error). Determined from the second linear region.
Note that the plot shows only one linear region starting close to zero time.
From Table I11 and Figures 1-3 the following can now be concluded:
1. The two linear regions observed when using recipe 1 are not an effect of retardation nor a kinetically determined approach to steady state since a number of polymerizations show the same behavior irrespective of particle size and initiator concentration which are both varied over a wide range.
2. Seeded emulsion polymerizations of butadiene started in interval I11 at wp = 0.72 show only one linear region. This steepest linear region is kinetically determined and not influenced by the wp at which the seeded An explanation as to why the seeded emulsion polymerization of butadiene shows this unusual behavior is unclear as yet. The use of recipe 2 is more convenient since now the slope of the curves of -In( 1x ) versus time used to calculate it can be determined from the beginning of the reaction. This is useful when reaction conditions leading to extremely low values of R are observed.
The polybutadiene in the recipes is added in the form of a seed latex made by emulsifier free emulsion polymerization. The preparation of this seed latex is discussed in detail e l s e~h e r e .~8~~~ All the seed latexes are prepared under comparable process conditions. The seed latexes used were dialyzed until constant low serum conductivity (<20 pS-cm-l) to remove traces of initiator. Special care is taken to dialyze the seed latexes to ensure that even when using low initiator concentrations in the recipes the effect of the residual initiator from seed latex preparation was negligible. The monomer was allowed to swell the seed latex at 25 "C for 24 h. After swelling the initiator was added as a 50-mL aqueous solution via a gas-tight syringe through a valve. For recipe 1 the beginning of polymerization was taken as the time when the temperature began rising from room temperature to 60 "C. When utilizing recipe 2 the initiator was injected into the reactor when the reaction mixture was at reaction temperature. Hence, the injection time of the initiator was taken as the start of the polymerization. No retardation was noticed in any of the polymerizations.
The average particle diameter and the particle size distribution were measured using calibrated transmission electron microscopy (TEM; Jeol2000 FX) in combination with Os04 staining techniques. Typically some 1000 particles were counted (TGA-10 particle analyzer, Zeiss, Oberkochen, Germany) on a micrograph taken from various parts of the TEM sample grid. Calibration of the measured particle diameters was performed with a specimen of known diameter. The particle diameters mentioned in this paper are weight-average diameters d, .
Theory
Seeded emulsion polymerizations were performed in the Smith-Ewart interval I11 regime. An interval I11 analysis is relatively straightforward and derived from general kinetics:20 where X is the fractional monomer conversion, k, is the Seeded Emulsion Polymerization of Butadiene. 2 6291 propagation rate coefficient (dm3-mol-1wl), R is the average number of radicals per particle, C, is the monomer concentration in the particles (mol.dm-9, N is the number of particles per volume of the water phase (dm-3), Nav is Avogadro's constant (mol-l), and nmo is the initial number of moles of monomer present per unit volume of the water phase (mol-dm-3) and therefore a constant. In interval I11 the monomer concentration in the particles is not constant and the relationship between the conversion and monomer concentration is described by:
where x is the monomer conversion in interval I11 defined according to x = 0 at weight fraction of polymer wp = 0.6 and x = 1 at wp = 1. C,O is the monomer concentration in the particles at the beginning of interval 111. Introducing the result of eq 2 into eq 1 yields
From the steady-state regime of a plot of -ln(lx ) versus time the product of kpii can be calculated since all other variables on the right-hand side of eq 3 are known and constant. Note that a value for il can be calculated from such a plot given the value of k, reported by the present authors elsewhere. 16 As is evident from eq 3 a value of Cm0 is needed to calculate A. Using recipe 1 the value of CmO is taken as the value at the beginning of interval I11 (wp = 0.6014). This value, however, is linked to the definition of the monomer conversion in interval 111, x , as can be deduced from eq 2. Using recipe 2, Cm0 is taken as the value at wp = 0.72; consequently x is now defined according to x = 0 at wp = 0.72 and x = 1 at wp = 1. The value of Cmo then is simply calculated from the added quantities of monomer and polymer according to:
where Mbut is the initial mass of butadiene utilized (see Tables I and 111 , MWbut is the molecular weight of butadiene, Pbut is the density of butadiene at 60 "C, and
MPBis the initial mass of polybutadiene utilized (see Tables  I and 11 ). The slight volume contraction that occurs when mixing polybutadiene and butadiene is not compensated for, causing a small systematic error in C,O. The monomer dissolved in the water phase is not taken into account in the calculation of Cmo, which is a reasonable assumption given the low water solubility of butadiene at saturation pressure, Maq. The monomer concentration in the aqueous phase, M, , , is an important parameter in the model calculations described later on and is assumed to be in thermodynamic equilibrium with the monomer concentration in the particles. Although Cm0 can be calculated in a simple manner by neglecting the amount of monomer in the aqueous phase, this evidently cannot be the case when Mas has to be calculated as well. Recently Maxwell et aZ. 21 reported a semiempirical approach in calculating the equilibrium monomer concentration in the particles and in the aqueous phase of swollen latexes. Assuming monomer partitioning is fast as compared with polymerization, the C , and Mas during polymerization can be calculated according to:21
where up is the volume fraction of polymer in the particle phase, M,, is the number-average degree of polymerization that A and k, would counterbalance over such a wide range of experimental conditions. This is because the righthand side of eq 1 consists of only constants within a particular polymerization. Thus for every separate seeded polymerization a unique value of n can be determined given a value for the propagation rate coefficient, k,. The value used in this paper will be k, = 320 dm3.mol-1-s-1.16
Several important results from seeded emulsion polymerizations of butadiene in interval 111, reported elsewhere,16 need to be evaluated.
1. Data of k,n versus particle diameter show a plateau in A for particle sizes above 200 nm from which a value of the propagation rate coefficient was determined,16 k, = 320 f 50 dm3-mol-'.s-'. This value agrees well with a value measured by laser flash photolysis reported by Deibert et aZ. 17 It must be noted that these authors did not mention how problems like branching and possible cross-linking of the polybutadiene could interfere with obtaining the necessary molecular weight data from sizeexclusion chromatography.
2. Data of kpn versus particle diameter show a nonplateau region as a consequence of the shift from case I1 to case I kinetics and therefore a strong indication of the existence of case I and case I1 regions.
3. Data of k,n versus particle diameter are fitted well with a relatively simple model utilizing, among other things, the following kinetic parameters: the rate coefficient for radical termination in the water phase, )Et, and the rate coefficient for radical transfer to monomer, kb; the latter has been determined16 to lie within the limits
The evaluation of earlier work on the butadiene system makes clear the following:
1, An experiment designed to monitor the effect of the initiator concentration should be performed using seed latexes with a particle diameter well below 200nm to avoid case 11 kinetics and the consequent insensitivity of the rate of polymerization to initiator concentration as explained by the Smith-Ewart theory.
2. When using particle sizes below 200 nm, an effect of the initiator concentration must be found if butadiene is to follow the Smith-Ewart theory. If not, the use of the previously mentioned model calculations partially using the Smith-Ewart model is not a priori valid.
Model Evaluation of the Entry of Radicals in Particles. The entry model for absorption of radicals into latex particles for persulfate-initiated emulsion polymerization, as reported by Maxwell et a1., 16 describes the mechanism of entry as follows. A sulfate radical dissolved in the water phase will react with monomer also dissolved in the water phase and form oligomeric radicals. This oligomeric radical will grow to become surface active after addition of z monomer units. After this growth, entry is supposed to be instantaneous. Thus the rate-determining step for entry is the growth of a sulfate radical to become a surface-active oligomer. The degree of polymerization of a surface-active radical, z , is an important factor in determining the initiator efficiency. This is intuitively clear when considering the possibility of termination in the water phase during the growth of the oligomer. The entry rate coefficient for radicals into particles of the swollen polymer, and Meesat is the saturation concentration of monomer in the aqueous phase. The term "corr." is a correction factor adequately explained else-where21 and calculated according to:
The term M, is usually large enough to allow l/M, = 0. The quantities C , and Maq can be found by solving eqs 
Background Section
Some important earlier results deduced from ab initio interval I1 and I11 analysis of the emulsion polymerization of butadieneld need to be evaluated. From ab initio interval I1 analysis it was shown that the effects of process and recipe parameters (except temperature) on the polymerization kinetics all depend on their effect on particle size: there is a decrease in the rate per particle with decreasing particle size. In interval I11 the bimolecular termination rate coefficients would be expected to vary significantly with the weight fraction of polymer (up).22,23
Hence, the linearity of the plots -ln(lx ) versus time over awide range of initiator and electrolyte concentrations and particle sizes indicates the following: 1. Termination is not rate determining and thus instantaneous upon entry of free radicals into particles. Plotting r i versus particle diameter showed that ii. rises with increasing particle diameter. This leads to the conclusion that butadiene obeys Smith-Ewart case I kinetics at 62 "C and a t particle diameters below 200 nm. This is an important consideration since in the Smith-Ewart case I1 regime the rate of polymerization, R,I, is independent of initiator concentration. Thus the reported near independence of the R,, on initiator concentration cannot be explained by assuming ideal case I1 behavior. On the other hand, experiments conducted to clarify the effect of initiator efficiency should not be performed in the case I1 regime (Le., not at particle diameter > 200 nm). of two radicals in the water phase, and z is the degree of polymerization that causes an oligomeric radical with a sulfate end group to become surface active. The factors within the left-hand-side brackets represent 100 7% efficiency. The right-hand-side brackets enclose an efficiency factor strongly influenced by the factor z. Maxwell et aZ.l5 report theoretically derived values of z = 2 for styrene and values of z = 2-4 for butadiene. Intuitively the value of z = 3 for butadiene is acceptable considering the similarity between a butadiene oligomer of degree of polymerization z = 3 with a sulfate end group and wellknown surfactants like sodium dodecyl sulfate. In this paper a new limit in the entry rate coefficient equation is proposed which is of particular importance to the buta- 
Both
' P a q Incorporating this limit into eq 7 offers the possibility of determining how p depends on the exponent of [I]:
If this new limit holds, the result is particularly interesting in the case of butadiene since the reported value2s for z = 3 would reduce the dependence of the rate of radical entry on [I] to zero and explain the insensitivity of the rate of polymerization to the initiator concentration as reported in the literature. The validity of this new limit is examined in this paper by introducing values for important parameters used, such as the water solubility of butadiene and the aqueous bimolecular termination rate coefficient, kt.
The following brief discussion and Table IV present some information about the parameters used. The value for kd used is reported in the literature and measured in the presence of butadiene in an emulsion system at 60 OC: 6.3 X 1o-S s-1.8926 From the literature it is known that bimolecular termination rate coefficients (kt) in aqueous media are on the order of magnitude of 109-1010 dm3.mol-l.s-1.26~2730 The k, used in the entry theory is in fact the rate coefficient of propagation of a sulfate oligomer with degree of polymerization i (SOd-Mi.) with monomer.
This value is not necessarily the same as the long-chain limit of the propagation rate coefficient. The value of the long-chain limit of lz, is usually taken as the best approximation for the value of this short-chain lz,: whether loo 1 / Figure 5 . Model calculations for the radical entry rate coefficient, p, versus initiator concentration, [I], using the full eq 8. this is justified is unclear as yet. For Maq the value of 37 X m~l -d m -~ 31 is taken, since this value is measured a t a saturation pressure of butadiene or a value belonging to the polymerization conditions via eqs 5 and 6. The value for z used is 3 monomer units, calculated from a method described by Maxwell et aZ. 16 In Figure 5 model calculations of the entry rate coefficient using the full eq 8 (the new limit is not incorporated) are shown for the widest range in initiator concentration which is still physically feasible.
The new limit presented in this paper is valid as can be deduced from the asymptotic behavior of a a t higher initiator concentration. Obviously the limit only describes an insensitivity of p to the initiator concentration a t high values of the latter above 1k2 mol.dm3. At initiator concentrations, [I1 << le2 mol.dmg, p rapidly decreases.
Hence, this limit cannot be used to explain the independence of the rate on [I1 at lower [I] .
Model Evaluation of the Exit of Radicals from Particles. The first-order exit rate coefficient is given by:32 k = k,CmP (11) where ktr is the rate coefficient for transfer to monomer and P the probability of escape of a free monomeric radical given by competing rates of escape and propagation:
where k N is the propagation rate coefficient of a single monomeric radical with a monomer unit and k , is the escape rate coefficient of monomer from the particle given by: k , = 3D"/R:q (13) where R, is the swollen radius of the latex particles, q is the partition coefficient of the monomeric radicals between the particle and water phases (q = CJMaq), and D" is the diffusion coefficient of the monomeric radical in water. Introducing the expression for the first-order rate coefficient for escape in the final equation for the exit rate coefficient as proposed by Ugelstad and H a n~e n~~ renders where d, is the swollen weight-average particle diameter. [II x 1031 N X recipe TDM" kpnl The following brief discussion and Table IV concentration in the particles, C, , is reported8J4 to be 5.6 mol.dm3. The diffusion coefficient of monomeric radicals in water, D", is calculated according to Wilke and Chang33 and found to be 1.5 X lo-' d m 2 d . The value of k~ may differ from the long-chain value of kp;32 however, for simplicity in the following discussion, k f l is assumed to be identical to k,. Note that the exit rate coefficient is not a function of the initiator concentration.
Assuming that the Smith-Ewart case I and I1 approximations hold for the butadiene polymerization system of interest, fi can be calculated in terms of the entry and exit rate coefficients:34 A = p / ( 2 p + k) (15) Calculating the entry and exit rate coefficients via the above-described models offers the possibility of modeling data of ii versus initiator concentration.
Results and Discussion
Seeded emulsion polymerizations were performed using a wide range of the initiator concentrations ranging from 10-5 to 10-2 m~l . d m -~ on two different seed latex particle diameters of 90 and 150 nm. The deduction of k,a from the slopes of curves of -In( 1x ) versus time (the left-hand side of eq 3) is elaborately discussed elsewhere. 16 The results are shown in Table V and Figure 6 .
When mercaptan is present, the effect of the initiator concentration on the value of ti is small, which is in full accord with the literature.'J4 The observed small effect cannot be explained by considering the Smith-Ewart case I1 regime since the il values are still significantly below il = 0.5. Note that the initiator concentration has been varied over 3 orders of magnitude. The insensitivity of a becomes even more intriguing considering the model calculations presented in Figure 6 (involving eqs 8,14 , and 15 using the full entry theory). These show kpil versus initiator concentration for two seed latex particle diameters. The values for the rate parameter used are given in Table IV . The data and model calculations presented in Figure 6 lead to the following conclusions: 1. The insensitivity of the rate of polymerization to the initiator concentration is explained by the new limit but only at relatively high initiator concentrations and not at initiator concentrations normally used. The new limit is therefore incapable of solving the problems defined in this paper.
2. The data cannot be fitted with the model utilizing the values for the parameters that accurately fit data of kpil versus particle diameter. 16 3. The data confirm the expectations put forward elsewhere16 that variation of the initiator concentration could result in finding an almost constant value of il but that this could not be used as solid proof for assuming R = 0.5. Determination of the propagation rate coefficient on the basis of such obviously false assumptions, as is done by Morton et aL5 in their determination of k,, must be incorrect.
Recently an extension of the entry theory was proposed. 35 This extension tries to incorporate the effect of minimally water-soluble mercaptans, commonly used as chain-transfer agents. This theory describes an important enhancement of the initiator efficiency of persulfate by chain transfer of the radical activity from water-soluble sulfate radicals to mercaptan dissolved in the water phase. The mercaptyl radicals created in this manner enter particles at a diffusion-limited rate. Although the tertdodecyl mercaptan used in the experiments is mainly in the particle phase, individual moleculeswill be transferring rapidly between the particle and water phase. The proposed theory assumes a limited but definite aqueous concentration of mercaptan. Kolthoff et ~1 .~~ report a saturation aqueous water solubility of tert-dodecyl mercaptan of [TDM],, = 3 X 10-5 m~l-dm-~. In order to verify the effect of TDM on the sensitivity of the rate of polymerization to the initiator concentration, experiments were performed using recipe 2 without TDM. As reported earlier19 no TDM appears to be necessary to produce reasonable rates of polymerization provided the polymerizations are performed in the absence of em~lsifier.~3J~ The experiments without TDM are performed in a reactor in which TDM was never used to ensure not even the smallest traces of TDM to be present during these polymerizations. The reactor was comparable in every other aspect with the one normally used except that no densitometer was installed. Conversion data are therefore acquired by gravimetry. The seed latexes used for these experiments were polymerized in the same TDM free reactor to ensure completely TDM-free seed latexes. The monomer solubility in the seed latexes was verified by swelling the latexes with the required amount of butadiene in a glass model reactor. After swelling no separate monomer layer could be detected. It was concluded that latexes prepared without TDM exhibit the same monomer swelling as compared with normal latexes. The steadystate slopes of plots of -In( 1x ) versus time are linear for seeded polymerizations without TDM. Weerts et a1.13 report that the monomer concentration in the polymer is not affected by the gel content of the polymer over a large range. Bhakuni37 also observed that network formation within the latex particles has no influence on the saturation monomer solubility in the polymer. Hence, the linearity of the plots of -ln(lx ) versus time is expected since the monomer concentration is not affected by the absence of TDM during preparation of the seed and during subsequent seeded polymerization.
In Figure 7 and Table VI values for kpR versus initiator concentration determined in polymerizations with TDM ( 0 ) and without TDM (A) on seed latexes with particle diameter d, = 150 nm are shown.
The results shown in Figure 7 are of major importance to this paper. The results show that the presence of TDM has a major effect on the initiator efficiency. Note that the presence of TDM only affects the low initiator concentration region of the range observed. At high initiator concentration, [I] 1 le2 mol*dms, the influence of TDM on k,ii. is not significant. The experiments described e1sewherel3J9 on ab initio emulsifier free emulsion polymerization of butadiene in the presence and absence of TDM are not in contradiction with the currently described experiments because the ab initio experiments were performed at high initiator concentration, [I] 1 1 t 2 mol*dms (Le., the region in the [I] range that is not influenced by the presence of TDM). Moreover, both authors report an effect of TDM on the particle size distribution (PSD) and particle number obtained. This observation confirms an effect of TDM on the kinetics of nucleation since the PSD and particle number are known to be influenced by entry38 and exit42 of radicals. Figure  8 shows the data of Figure 7 with model calculations using eqs 8, 14, and 15. Slightly adapted values for the rate parameters kt and kt are used. As is shown elsewhere16 the values for these rate parameters are adjustable within certain physically realistic boundaries.
Obviously the data obtained without TDM are fitted adequately with the simple model used. The data of kpR versus particle diameter reported elsewherel6 obtained from experiments in the presence of TDM fit the simple model because these data are obtained at high initiator concentration, [I] 1 1 t 2 moldms. The fact that the model fits two completely different sets of data (kpa versus particle diameter and versus initiator concentration) is a strong indication of the validity of the model.
In order to verify the effect of the adjustments made for the values of the rate parameters kt and kt,, model calculations are performed using kt, in the range 0.01 < kt, 0.1 dm3.mol-l.s-l, as proposed elsewhere,ls and kt in the range log < kt < 1O1O dm3*mol-l.s-l, as reported in the literature (see Table IV and Figures 9 and 10 ). The data presented in this paper are regrettably subject to limited accuracy. Moreover, the values for kpR versus initiator concentration determined by model calculations are not significantly affected by variation of the values of the parameters kt and kt,. As a consequence the data cannot discriminate between the values of kt and kt. However, the model calculations of Figures 9 and 10 indicate that the current model is incapable of describing the experiments performed in the presence of TDM. Much effort was directed into quantitatively describing the experimental data obtained from experiments in the presence of TDM by using the model proposed by Maxwell et a1. 35 The model describes the effect of mercaptan as an enhancement of the initiator efficiency. From the plots presented in the paper of Maxwell et al. it is clear that an enhancement of the initiator efficiency is significantly only at high initiator concentration, which is not in accord with the present data, as these show a larger effect at lower initiator concentration. However, at the TDM concentrations utilized in this experiment (~1 % of the saturation aqueous concentration) the model of Maxwell et al. suggests that TDM would have no effect on entry or the The initiator efficiency is already very high at low initiator concentration which is clear from Figure 5 , where the curves of p versus [I] become similar for different values of z (deduced from the fact that z is only incorporated in the efficiency term of eqs 7 and 8). Initiator efficiency is high at low initiator concentration because radical oligomers can grow to surface-active length without being subject to termination. This is because of the low concentrations of aqueous phase sulfate radicals. This insight is used to further evaluate the effect of TDM on the rate of polymerization. The experimental entry rate coefficient in the presence of TDM is calculated using the experimental ii values and exit rate coefficients using eq 14. These values are plotted in Figure 11 together with entry rate coefficients calculated with eq 8 and with entry rate coefficients calculated with only the left-hand side of eq 8 (i.e., the 100% efficiency value of the entry rate coefficient: 2kd[IINdN). From Figure 11 it can be concluded that in order to reach the experimental ii values using the exit rate coefficient of eq 14 more radical entry is needed than initiator dissociation allows for. This could only be explained by an enhancement of persulfate dissociation by TDM. The effect of TDM on the dissociation rate coefficient k d is well described in the literature. Kolthoff et al. 39 which is not stated directly in the paper but is deduced from the fact that polymerizations without TDM are severely retarded in the presence of dresinate 214. The literature evaluation given above leaves but one conclusion: TDM has no effect on the dissociation rate of persulfate. In Table V the results of a thermal experiment (Le., in the absence of initiator) are shown. Thermal rates are known to be comparable with initiator concentrations of l W 1 0 -5 m~l -d m~.~~ The results of the thermal polymerization indicate that TDM is not aradicalforming species itself. The thermal experiment shows that the it values found in experiments in the presence of TDM are not completely independent of the initiator concentration. At low initiator concentration (i.e., the thermal equivalent) the R was decreased. This indicates that TDM shifts the plot of A versus initiator concentration to higher values of ii by an effect operating on the radical loss mechanisms.
The results of Figure 11 seem to point to an effect of TDM on the exit rate coefficient. The exit rate coefficients calculated using experimental values of I I in the presence of TDM and entry rate coefficients using eq 8 are shown in Figure 12 .
From Figure 12 it is clear that the exit rate coefficients must be decreased considerably by TDM to account for the experimental ii values. Kolthoff et aL2 showed, in their experiments conducted in order to illuminate the promoting effect of mercaptan, that the conversion reached during ab initio butadiene emulsion polymerization after 12 h was not affected by variations of 0.005-1% on monomer of a commercial mixture of n-dodecyl mercaptans (given that a minimum amount of mercaptan was present). Whether the particle number varies is not mentioned by the authors, and the initiator concentration used was high, [I] = 6 X 103 mol-dm". One could deduce that the data reported by Kolthoff suggest that the mercaptan concentration does not significantly affect radical desorption. However, since in ab initio experiments the particle number might change considerably as a result of changes in the exit rate coefficient, the data are too ambiguous to be used in the present context. Moreover, the initiator concentration used is high. Nomura et conclude that n-dodecyl mercaptan (NDM) does not enhance radical desorption since it has no effect on the rate of polymerization nor particle number in the emulsion polymerizationof styrene ([I] = 5 X 103mol-dm-3). From Nomura's work one is tempted to conclude that the NDM concentrations varying from 2.7 X 106 to 1.1 X 1W mol& do not decrease radical loss via exit since this would result in a strong rise in a. However, the system used was styrene at 50 "C using an initiator concentration of 5 X 103 moldm4, an SDS concentration of 6.25 g.dm3, and particle number concentrations of about 10" dm-3. Styrene emulsion polymerizations under these conditions are known to behave as a Smith-Ewart case I1 system (Le., il = 0.5). Thus a decrease in radical desorption has no effect on a since it is already a t its limiting value. Weerts et ~1 .~3 report that no significant difference in the rate of polymerization per particle could be measured between ab initio butadiene emulsion polymerization experiments using NDM or TDM ([I] = 13 X 103 mol-dm-3). Hence, no change of the effects observed in this paper is expected from the difference between NDM and TDM since the water solubility of both mercaptans is expected to be on the same order of magnitude as are the transfer rate coefficients. From the literature one is tempted to conclude that mercaptans do not influence the rate of radical desorption, however, all the data described in the literature are obtained at high initiator concentration where, as the present work indicates, no effect of TDM has been found. Moreover, all literature data are obtained from ab initio experiments, and the rate of polymerization is therefore a function of the particle number. Consequently, no unambiguous data are found in the literature to prove that TDM could not significantly decrease radical desorption.
An effect of TDM on radical desorption could be envisaged as follows. Radical desorption is possible via monomeric radicals; thus, the process of desorption always starts with transfer to monomer,24 Monomeric radicals can undergo three processes: (1) propagation, described by k&, = 320 X 5.6 = 1792 s-l; (2) desorption, described by k,; (3) transfer to TDM, described by km[TDMl, where km is the rate coefficient for transfer of monomericradicals to TDM (dm3-mol-l*~-~) Literature43 reports a value for the long-chain limit of k t , = 20kp = 6400. CTDM is the TDM concentration in the particles (m~l-dm-~). From recipe 1, C~) M is calculated using a slightly altered version of eq 4 incorporating TDM, leading to CTDM = 1.4 X mol.dm-3. Thus k t , C w~ = 89.6 s-l. escape leads to:
Including the third possibility in the probability of Transfer of monomeric radicals to TDM (89. 6 8-9 occurs Seeded Emulsion Polymerization of Butadiene. 2 6297 significantly less frequently than propagation (1792 8-l) . Any effect of TDM on radical desorption is therefore hard to imagine unless the rate coefficient of transfer from a monomeric radical to TDM is significantly larger than that of its long-chain limit. However, even if the exit rate coefficient were given by eq 16, this would not yet explain how the exit rate coefficient changes with initiator concentration. This consideration implies that the following issues are important in the butadiene emulsion polymerization:
1. Exit and reentry of monomeric radicals. This would allow exit to depend on the initiator concentration via termination of exited radicals involving initiator or through the effect of fi on the fate of reentered radicals. Complicated modelsu9 including these processes exist but are not readily utilized due to the large number of adjustable parameters. Further work is being done on the subject. 50 2. There may be another process operating on the radical loss process not considered so far.
The reported promoting effect of mercaptans2J3 (i.e., the observation that butadiene emulsion polymerization using fatty acid soap based emulsifiers is only polymerized a t a reasonable rate when small amounts of mercaptan are present) remains unexplained by the current findings. Both Kolthoff et a1.% and Weerts et
show that the presence of emulsifier is but one clue in unravelling the promoting effect. It is important to note that the enhancement of the rate of polymerization by TDM in this paper may occur concurrently with the promoting effect. Literature data obtained in the presence of fatty acid soaps suggest chemistry involving the fatty acid soap is important. This matter will be discussed ~e p a r a t e l y .~~
Conclusions
A recipe was developed starting a seeded polymerization at wp = 0.72, yielding -ln(lx ) versus time curves with only one linear region from which il values could be obtained comparable to values obtained from recipes starting at wp = 0.6. Experiments show that data of kPa obtained in the presence of TDM are virtually independent of the initiator concentration, which is not predicted by model calculations. Experiments in the absence of TDM show that data of kpa strongly depend on the initiator concentration; this data could be adequately fitted with model calculations. The used model is therefore capable of fitting two separate sets of data of kpfi versus particle diameter and kPn versus initiator concentration. The earlier reports of the independence of a of the initiator concentration are explained as an effect of TDM. The data suggest that radical loss via desorption is decreased in the presence of TDM. How exactly TDM affects radical loss cannot yet be explained.
